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Abstract The Gulf of Lion is an important area of deep convection, where intense winter vertical mixing
brings nutrients up from deeper layers, promoting the largest bloom in the Mediterranean at the end of
winter/early spring. The DEWEX program conducted cruises in February and April 2013 to investigate the
ecosystem level impacts of deep water convection. Zooplankton data were collected through net sampling
and imaging with an Underwater Vision Proﬁler. In winter, low zooplankton abundance and biomass were
observed in the Deep Convection Zone (DCZ) and higher values on its periphery. In spring, this pattern
reversed with high biomass in the DCZ and lower values on the periphery. On average for the whole area,
the potential grazing impact was estimated to increase by one order of magnitude from winter to spring. In
April, all areas except the DCZ incurred top-down control by zooplankton on the phytoplankton stock. In
the DCZ, the chlorophyll-a values remained high despite the high zooplankton biomass and carbon
demand, indicating a sustained bottom-up control. The zooplankton community composition was comparable for both periods, typiﬁed by high copepod dominance, but with some differences between the DCZ and
peripheral regions. In spring the DCZ was characterized by a strong increase in herbivorous species such as
Centropages typicus and Calanus helgolandicus, and an increase in the number of large zooplankton individuals. Our study indicates that the DCZ is likely an area of both enhanced energy transfer to higher trophic
levels and organic matter export in the North Western Mediterranean Sea.

1. Introduction
In the North Western Mediterranean Sea (NWMS hereinafter), the central part of the Provencal basin, off the
Gulf of Lion (centered on 42 N 5 E - MEDOC area), is an important area of deep water formation [MEDOC
GROUP, 1970]. The deep convection process occurs in late winter, driven primarily by the combination of
the regional cyclonic circulation, and buoyancy loss resulting from the cold and dry northerly Mistral winds
blowing out of the Rhone Valley over the Gulf of Lion [Millot and Taupier-Letage, 2005]. This dense water
extends from the Gulf of Lion to the Ligurian Sea [Millot, 1990], and is largely delimited by the extent of the
cyclonic gyre of the Liguro-Provencal basin, bounded to the north by the so-called Liguro- ProvencoCatalan Current (LPCC) and to the south by the North Balearic Front (NBF) which permanently ﬂuctuates
between modiﬁed Atlantic waters from the Algerian basin and the colder waters of the Liguro-Provencal
basin.
Apart from its fundamental hydrological role in the Western Mediterranean Sea, the winter deep convection
strongly affects the magnitude and spatial extent of new primary production. Nutrient rich deep waters mix
with nutrient depleted upper layers and eventually replenish surface nutrients over a large area. These convection derived nutrients, augmented by factors such as frontal systems or Rhone River inputs, support the
highest regional scale chlorophyll-a values (up to 3 mg Chl-a L21) in the Mediterranean Sea [Estrada, 1996;
, 2009]. Typically, a substantive spring bloom is observed in March in the deep
D’Ortenzio and Ribera d’Alcala
convection zone, when surface stratiﬁcation begins. The high primary productivity in the NWMS is expected
to stimulate secondary productivity, with an expected high efﬁciency of energy transfer [Alcaraz, 1985],
however observations of intermediate food-web levels such as zooplankton remain too scarce and spatially
restricted [Siokou-Frangou et al., 2010] to validate this expectation on a regional scale.
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Figure 1. Map of the DEWEX study area with positions of the sampling stations for (a) L1 and (b) L2. Black dots: zooplankton net tows stations; red dots: CTD and UVP casts. Squares and ellipse zones: repeated stations across the two legs selected for seasonal comparisons,
which deﬁne Zones Baleares (BAL), Shelf (GoLS), Convection (DCZ), Corsica (COR) and Sardinia (SAR).

Zooplankton biomass and abundance data in the NWMS are limited and with insufﬁcient coverage to
provide a clear spatial and temporal overview of the region. A few zooplankton time series exist for the
ndez de Puelles et al., 2003, 2004b] and Ligurian Sea [MoliNWMS: two coastal - in the Balearic Sea [Ferna
nero et al., 2005, 2008; Garcıa-Comas et al., 2011]; and one off-shore station (DYFAMED) in the Ligurian
Sea [Berline et al., 2011]. A few shorter time series exist, such as a 3 year study off Marseille by Gaudy and
Champalbert [1998]. Field surveys in the NWMS last generally for one to three weeks and are usually limited to subregions, such as the Gulf of Lion’s continental shelf (Furnestin [1960]–summer; Gaudy et al.
[2003]–winter and spring), Ligurian Sea (Pinca and Dallot [1995, 1997]–spring; Andersen et al. [2001]–
ndez de Puelles et al. [2004a]–spring) and Cataspring; McGehee et al. [2004]–summer), Balearic Sea (Ferna
lan Sea (Sabates et al. [1989]–spring to fall). Only one study focused on the deep convection zone, for
two periods (1–15 March and 3–17 April 1969), but that study only analyzed zooplankton biomass [Nival
et al., 1975].
In this context, the DEep Water formation EXperiment (DEWEX) program [Testor et al., 2016] aimed to significantly improve understanding of how deep convection and subsequent restratiﬁcation affects the organization of the pelagic ecosystem, from physical processes through biogeochemistry and up to biological
communities. The main goal of our study was to investigate the zooplankton community response to the
transition from the deep water formation period to the stratiﬁcation period, in terms of spatial distribution
and composition. Two campaigns were conducted in 2013, the ﬁrst in winter during the deep convection
event, and the second in spring, during the spring bloom. These campaigns were short (<20 days), allowing
for pseudo-synoptic data mapping. In this paper, we present results on the hydrological and biological zooplankton environment, the bulk properties of zooplankton distribution, taxonomy and size composition,
and estimate the zooplankton’s potential grazing impact on phytoplankton.

2. Materials and Methods
2.1. Study Area and Sampling Strategy
The DEWEX cruises were conducted onboard R/V Le Suro^ıt. The ﬁrst leg (Leg 1, hereafter L1) was carried out
from 3 to 21 February 2013 during the winter convection period, and the second leg (Leg 2, hereafter L2)
from 5 to 24 April 2013 during the spring bloom. Both cruises had the same sampling track, covering the
whole NWMS (Figure 1). The sampling grid comprised 76 stations on L1 and 100 stations on L2, and followed a star shape path spanning the cyclonic circulation of the basin. At every station, physical parameters
were sampled using a CTD.
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2.2. Environmental Data
Temperature, salinity, and density were collected with a CTD (SeaBirdElectronics’ 9111 technology)
mounted on a rosette carrying 12 Niskin bottles of 12 L. Dissolved oxygen concentration was measured
using a SBE43 sensor and ﬂuorescence was measured using a Chelsea ﬂuorometer. Fluorescence was calibrated with the chlorophyll-a concentration estimated from bottle water samples using HPLC [Uitz et al.,
2009]. The depth of the mixed layer (MLD) was computed using the density difference criterion Drh50.03kg
m23 of De Boyer Montegut et al. [2004].
2.3. Zooplankton Collection
All zooplankton sampling was performed at night. Due to time and weather constraints 13 and 12 stations
were sampled on L1 and L2 respectively. Samples were collected with a 70 cm mouth diameter Bongo
Nets, ﬁtted with a 120 mm net with ﬁltering cod-ends. The net was operated in vertical net hauls between
250 m and the surface at a speed of 1 m s21. One cod-end was used for biomass measurements and the
second was ﬁxed directly after collection with buffered formalin at 10% ﬁnal concentration, for taxonomic
identiﬁcation and size spectrum analyses. Sampled volume was determined assuming 100% ﬁltration efﬁciency, by multiplying the surface of the net opening by the haul depth, i.e., 0.38 m2 x 250 m595 m3. As
such our abundance calculations were likely underestimated.
2.4. Zooplankton Sample Processing
2.4.1. Biomass Measurement and Taxonomy Identification
The biomass sample was processed onboard. After collection each sample was ﬁltered onto a preweighed
GF/F ﬁlter (47 mm) and oven dried at 608C for 2 days. The zooplankton dry weight (mg) was calculated as
the difference between the weight of the ﬁlter 1 sample and the weight of the ﬁlter. Dry weight was divided by the volume ﬁltered to estimate biomass concentration (in mg DW m23). The taxonomic composition
was determined for each formalin sample. Samples were split using a Motoda box, and at least 100 individuals of the more abundant taxa were counted in each subsample under a dissecting microscope, a LEICA
MZ6. Rare taxa were enumerated from the whole sample. Species/genus identiﬁcation was made according
to Rose [1933], Tregouboff and Rose [1957], and Razouls et al. [2005]. The abundance of the various taxa
(groups, genera or species) was divided by the sample volume to get concentration of individuals per cubic
meter (ind. m23).
2.4.2. Imaging and Size Structure Analysis
2.4.2.1. Imaging and Processing
Samples were digitized with the ZooScan digital imaging system [Gorsky et al., 2010] to determine the
size structure of the zooplankton communities. Each sample was divided in 2 fractions (<1000 and > 1000
mm) for better representation of rare large organisms in the scanned subsample [Vandromme et al., 2012].
Each fraction was split using a Motoda box until it contained approximately 1000 objects. The resulting
samples were poured onto the scanning cell and zooplankton organisms were manually separated with a
wooden spine in order to avoid overlapping organisms. After scanning, each image was processed using
ZooProcess [Gorsky et al., 2010], which is embedded in the ImageJ image analysis software [Rasband,
2005]. Only objects having an equivalent spherical diameter (ESD) of > 300 lm were detected and processed [Gorsky et al., 2010]. Finally, Plankton Identiﬁer (http://www.obs-vlfr.fr/~gaspari/Plankton_Identiﬁer/
index.php) was used for automatic classiﬁcation of zooplankton into 9 categories: calanoidea like copepods, non calanoidea like copepods, appendicularia, chaetognatha, other crustacean, various zooplankton,
detritus, ﬁbers and blurred images. Results of the automatic classiﬁcation were manually validated to
ensure that every vignette in each one of the 9 categories corresponded to the category that was automatically assigned. Zooplankton abundance (ind m23) was calculated from the number of validated
vignettes in Zooscan samples, taking into account the scanned fraction and the sampled volume from the
net tows.
2.4.2.2. Size Spectra
The shape of the size spectra is a key ecological indicator of the dynamics of the zooplankton community
[Krupica et al., 2012]. The slope of the NBSS reﬂects the balance between the abundance of small and large
individuals, a steep slope corresponding to higher proportion of small individuals and vice-versa. Log-normalized biomass size spectra (NBSS) were calculated for each sample, following Herman and Harvey [2006].
First, the biovolume was calculated by applying equation (1):
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(1)

where BioV is the biovolume, Area is the pixel area of the organisms in the image, and Ratio is the ratio
between the major axis and the minor axis of each organism. The biovolume is converted into wet weight
(WW), assuming 1 mm23 was equivalent to 1 mg WW [Wiebe et al., 1975].
The NBSS were constructed for 30 log based WW size bins and the total WW biomass for each bin divided
by the bin width. Slope and intercept values for the NBSS of each sample were estimated from linear regression of the size spectra from minimum size (0.3 mm) to maximum size (1.1 mm).
2.4.3. In Situ Imaging
The Underwater Vision Proﬁler 5 (UVP) [Picheral et al., 2010] is an autonomous underwater imaging system
designed and constructed to quantify large (>100 lm) aggregates and zooplankton. It can be mounted on
a standard rosette frame and interfaced with the CTD. The smaller size limit (100 lm) is ﬁxed by the optical
resolution of the instrument, whereas the larger size limit (26 mm) is determined by the volume of water
illuminated per image.
In this study, the UVP was mounted in an external frame attached to the rosette, and deployed at every
sampling station during day and night. Due to technical problems 54 stations were analyzed from L1 and
78 from L2. All particles larger than 105 lm were processed, and the vignettes larger than 600 lm were
extracted. For image analysis, vignettes were uploaded to the EcoTaxa [Picheral et al., 2015] online tool and
classiﬁed using the integrated automatic classiﬁcation. Only the copepod category was manually validated,
and copepod abundance was calculated as the number of copepods in the ﬁrst 250 m of the water column,
and divided by the sampled volume to estimate ind. m23. For each proﬁle, the sampled volume was computed by multiplying the number of images taken across the samples depth range by the individual volume
per image. Over all proﬁles the average sampled volume was 1.96 6 0.27 m3.
Due to the small sampled volume of the UVP (1.96 m3 per proﬁle versus 95 m3 per haul with nets on average) copepod counts likely underestimated real densities. Before using UVP copepod counts as a proxy of
copepod abundance to study their distribution gradients, we ﬁrst determined whether the underestimation
was consistent for all stations by comparing UVP copepod counts with counts of copepods larger than 600
mm in the Zooscan samples. Since UVP casts were done during the day and the night, a Kruskal-Wallis test
was preformed to asses sampling time effect on copepod abundance.
2.5. Data Analysis
Hierarchical clustering was used to explore spatial patterns of the environmental variables temperature,
salinity, dissolved oxygen, and chlorophyll-a, using depth-average values between 0 and 250 m, to be consistent with the net haul depth. The MLD was included in the calculations. Similarity between stations was
calculated using Euclidean distance and clustering was performed using Ward’s linkage. The CalinskiHarabasz criterion [Calinski and Harabasz, 1974] was used to assess the optimal number of clusters.
Canonical correlations analyses (CCA) were used to explore the relationships between environmental variables (depth-average of temperature, salinity, dissolved oxygen, and chlorophyll-a) and zooplankton variables (copepod taxonomic composition and copepod size distribution). This analysis was repeated for each
cruise separately. Rare species were removed prior to analysis, and only species that contributed at least 1%
to the abundance, and were present in more than 2 samples were kept. The CCA analyses were performed
on log transformed abundance data. Scaling 3 was used in all triplots, in which both sites and species are
scaled proportional to eigenvalues on all dimensions [Oksanen et al., 2016]. Spearman rank correlation coefﬁcients (rs) were calculated to assess simple relationships between zooplankton and environmental
variables.
To assess seasonal differences in zooplankton community composition, we selected ﬁve zones where
repeated net sampling stations were carried out over the two legs: the shelf in the western part of the Gulf
of Lion (GoLS; L1- St 5 and L2-St 13); Baleares in the northern part of Menorca Island (BAL, L1-St 28 and
L2-St 25); Sardinia in the west part of Sardinia Island (SAR, St L1 31 and St L2 67); Corsica in the western part
of Corsica Island (COR, L1-St 66 and L2-St 53); and the Deep Convection Zone (DCZ, L1-St 10,22, 52 71 and
L2-St 6, 19, 37, 61, 99). Boxplots were used to show differences in abundance, biomass, and diversity
between sampling periods and zones.
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To better understand the changes in the community structure, Rank Frequency Diagrams were constructed
by plotting the ranks of all species on the x-axis (in decreasing order of frequency) against their logarithmic
frequency value on the y axis. Copepod diversity was calculated using the Shannon–Wiener diversity index
(based on natural logarithms) with PRIMER 6.0 software [Clarke and Warwick, 1994], and all other analyses
were performed using R freeware (www.r-project.org).
2.6. Zooplankton Carbon Demand
The copepods carbon demand (ZCD) was computed based on estimates of biomass from Zooscan samples
and estimates of growth rate from Zhou et al. [2010] following Vandromme et al. [2011]:
ZCD ðmg C m23 d21 Þ5Ration Bzoo

(2)

where Bzoo is the biomass of copepods in mg C m23, calculated using area-carbon weight relationships
ndez-Leo
n [2009] for subtropical copepods. As in Nival et al. [1975], Ration is deﬁned
from Lehette and Herna
as the amount of food consumed per unit of biomass, calculated as:

 ðgz1r Þ
Ration d21 5
A

(3)

where gz is the growth rate, r is the weight speciﬁc respiration and A is assimilation efﬁciency. gz was calculated following Zhou et al. [2010]:

gz ðw; T; Ca Þ50:033


Ca
e0:09T w 20:06
Ca 1205e20:125T

(4)

as a function of sea water temperature (T, 8C), food availability (Ca, mg C m23, estimated from Chl-a), and
weight of individuals (w, mg C). We consider here that food is only phytoplankton following Calbet et al.
[1996]. Following Alcaraz et al. [2007] and Nival et al. [1975], values r and A were 0.16 d21 and 0.7 respectively. gz was computed at every depth from the surface to 250 m, and Bzoo was the average value. We compared ZCD to the phytoplankton stock, converted to carbon assuming a C:Chl-a ratio of 30:1 [Delgado et al.,
1992], to estimate the potential clearance of phytoplankton by copepods.

3. Results
3.1. Spatial Patterns in the Environment
Following cluster analysis of environmental variables the Calinski-Harabasz criterion identiﬁed four clusters
for L1 and three clusters for L2. Three clusters were retained for both legs to be consistent between periods,
and because the fourth cluster separated a few station of the peripheral zone (Figure 2).
For L1 (winter convection), Cluster 1 (green, Figures 2a and 2b) grouped 38 stations located in the central
part of the deep convection area. These stations were characterized by vertically homogenous temperature
and salinity (Figures 3a and 3b), showing the deep mixing signature (mean mixed layer depth5 2293 m,
Figure 3e), and by low chlorophyll-a and dissolved oxygen values (Figures 3c and 3d). Conversely, the stations grouped in Clusters 2 and 3 were characterized by a stratiﬁed water column (average MLD 5 119 m,
Figure 3 e). Cluster 2 (red in Figures 2a and 2b) comprised 30 stations located on the periphery of the deep
convection area, characterized by higher temperature, chlorophyll-a and dissolved oxygen, and lower salinity than Cluster 1 (red boxplots in Figures 3a–3d). Cluster 3 (blue, Figures 2a and 2b) was predominantly
composed of stations located on the shelf break, with one station in the southern part of the survey region.
These 7 stations were characterized by a broad range of temperature, the lowest salinity during L1 and the
highest values of oxygen and chlorophyll-a (Figures 3a–3d). Vertical proﬁles from each cluster can be found
in supporting information.
During L2 (spring bloom), stratiﬁcation occurred over the entire survey area. Cluster 1 (magenta in Figures
2c and 2d) grouped 44 stations located in the central part of the area, characterized by high chlorophyll-a
concentrations, high salinity and low temperature (magenta boxplots in Figures 3i, 3g, and 3f). The stations
in clusters 2 and 3 were characterized by lower chlorophyll-a concentration (Figure 3i). Cluster 2 (yellow,
Figures 2c and 2d) and Cluster 3 (cyan, Figures 2 and 3) comprised 30 and 26 stations respectively. Cluster 3
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Figure 2. Hierarchical clustering of environmental variables, using Ward clustering algorithm on Euclidian distance, for (top) L1 and
(bottom) L2. (a, c) Cluster dendrogram, with color frames highlighting the 3 main clusters. (b, d) Map of the stations identiﬁed by clustering
(same colors as Figures 2a and 2c). Large open circles indicate sampled net stations. Cluster from L1 and L2 have no relationship.

was characterized by higher oxygen and lower salinity levels than Cluster 2 (cyan and yellow boxplots in
Figure 3).
3.2. Spatial Distribution of Zooplankton Abundance, Biomass, and Size Structure During
the Winter and Spring Surveys
During L1 zooplankton biomass (Figure 4a) ranged from 1.98 (L1-St 52, DCZ) to 42.31 mg DW m 23 (L1-St
39), with an average of 12.3 6 12.7 mg DW m23. During L2 (Figure 4b) biomass ranged from 13.9 (L2-St 48)
to 197.8 mg DW m23 (L2-St 61, DCZ), with an average of 64.59 6 59.11 mg DW m23. During L1 zooplankton
biomass was signiﬁcantly negatively correlated with MLD (rs 5 20.75, p5 0.003), while during L2 biomass
presented a signiﬁcant positive correlation with chlorophyll-a concentrations (rs 5 0.76, p5 0.006). The central part of the DCZ had the highest biomass change between L1 and L2.
Zooplankton abundances ranged from 21 (L1-St 35) to 2548 ind. m23 (L1-St 39), with a mean of 608 6
764 ind. m23 during L1 (Figure 4c), and from 850 ind. m23 (L2-St 19, near the DCZ) to 7205 ind. m23 (L2-St
13, GoLS), with a mean of 3668 6 2502 ind. m23, during L2 (Figure 4d). The spatial distribution of abundance was similar to biomass distributions during both legs. On average, an increase in terms of both biomass and abundance was observed from L1 to L2 (Figures 5a and 5b). Biomass values were on average 5
times higher on L2 than on L1. However, this increase depended on the geographical area: at stations in
the vicinity of BAL, COR and SAR Zones biomass approximately doubled between L1 and L2, whereas GoLS
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Figure 3. Boxplot of temperature, salinity, oxygen and chlorophyll-a within the upper 250 m of the water column, and depth of the mixed
layer, for (top) (a–e) L1 and L2 (bottom) (f–j) following clusters deﬁned in Figure 2 (same colors).

and DCZ stations biomass increased by approximately one order of magnitude. Abundance values were
also higher on L2, with the GoLS (St13) and SAR (St 67) Zones having the highest differences.
From UVP images, objects of ESD > 600 mm and identiﬁed as copepods were used as a relative index for
comparison with copepod abundance of ESD > 600mm in Zooscan samples. The UVP counts of copepods
were too few in L1 to allow a spatial analysis (copepods were only detected at 8 stations out of 75). For L2,
copepod UVP counts ranged from 0 to 81 ind. m23. A regression analysis shows that UVP counts in the
upper 250 m were strongly correlated with net-based abundance estimates (Figure 6; slope 5 0.003,
R250.86, p<0.001, n59). Accordingly we used UVP counts as a proxy for large copepod abundance in the
upper 250 m. UVP copepod counts did not vary signiﬁcantly between day and night casts (Kruskal-Wallis
test, p50.12), so we considered that they could be analyzed together. Stations with UVP counts larger than
20 ind. m23 were situated in the central part of the sampled area (Figure 7) characterized by the highest
chlorophyll-a (see magenta circles and cluster frame on Figures 2c and 2d). UVP abundance showed a negative correlation with temperature (rs 5-0.69, p< 0.001) and a positive correlation with chlorophyll-a concentrations (rs 5 0.60, p< 0.001).
The slopes of the NBSS did not show a clear spatial pattern during L1 (Figure 4e), ranging from 22.2 (L1-St
39) to 20.55 (L1-St 31, SAR). During L2 (Figure 4f), the highest and lowest slopes were 21.7 (L2-St 13, GoLS)
and 20.68 (L2-St 99, in the DCZ) respectively. The DCZ was characterized by ﬂat slopes (20.76 on average),
with higher values on the shelf edge and in the coastal stations. Seasonal changes in NBSS slopes varied
regionally (Figure 4c): in the GoLS and SAR Zones, the NBSS slopes were steeper, changing from 20.6 to
21.7 and 20.5 to 21.5 5 between L1 and L2 respectively, indicating a higher amount of small organisms
during L2; in the DCZ and COR Zones, the NBSS slopes becomes ﬂatter (from 21.1 to 20.76 and from 21.5
to 20.98 respectively) between L1 and L2, indicating growth from small to larger forms. The BAL Zone (L1St 28 and L2-St 25) was the only zone that demonstrated no slope change between legs (21.2). Over the
whole sampled region, the median NBSS values slightly decreased (21.3 for L1 and 20.97 for L2).
3.3. Zooplankton Community Composition and Distribution
3.3.1. Zooplankton Diversity
A total of 60 zooplankton taxa were identiﬁed from the two legs, including 30 copepods genera or species
(plus miscellaneous nauplii and copepodites), 21 other holoplanktonic taxa, and 7 meroplankton taxa. The
zooplankton community was similar for both periods, mainly dominated by copepods (95% Table 1, Figure 8). Calanoid copepods were the most abundant group (77% in L1 and 84% in L2). Based on this taxonomic analysis, the mean taxonomic richness of the zooplankton community increased slightly from 32 6 5
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Figure 4. Spatial distributions (left: L1 and right: L2) of zooplankton (a, b) biomasses (mg DW m23), (c, d) abundances (ind. m23) and(e, f)
NBSS slopes.

on L1 to 37 6 6 on L2. The Shannon diversity index for copepods decreased slightly between the two
periods for the whole area, and for the DCZ, GoLS, COR and SAR Zones (Figure 9). The diversity decrease
was strongest in the GoLS Zone. The BAL Zone was the only region where diversity increased from L1
and L2.
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Figure 5. Changes in (a) biomass (mg DW m23), (b) Abundance (ind. m23) and (c) NBSS slope between L1 and L2, in the ﬁve Zones deﬁned in Figure 1.

In the ‘‘rank-frequencies’’ diagrams grouping all stations by leg (Figure 8a), Clausocalanus/Paracalanus spp.
was the dominant taxa (more than 60%), followed by Oithona spp., in both periods. The third rank changed
from Oncaea spp. on L1 to Centropages typicus on L2. Calanus helgolandicus, Centropages typicus, Calocalanus spp., Clausocalanus/Paracalanus spp, Microsetella, Oithona spp. and Oncaea spp. were the most frequent
taxa found in the top 5 ranks over all regions for both periods (Figures 8b–8f). Euchaeta/Paraeuchaeta spp,
Pleuromamma gracilis and Neocalanus gracilis were among the 5 most abundant taxa in some zones during
L1, whereas Corycaeus/Farranula spp. were not in the top 5 ranks during L1, but appeared within these
ranks at some stations during L2. Some species are important in speciﬁc zones: such as Calocalanus spp,
ranked 3rd in BAL, Oncaea spp. ranked 3rd in the GoLS and DCZ zones, Microsetella spp. ranked 3rd in COR
and Calanus helgolandicus ranked 3rd in SAR during L1. Finally, during L2, Centropages typicus was ranked
3rd in BAL, DCZ and SAR Zones, Calanus helgolandicus ranked 3rd in COR, and Calocalanus spp. ranked 3rd in
the GoLS Zone.
Important taxonomic groups other than copepods were Appendicularians, which increased slightly in numbers over the whole area from L1 to L2, and Euphausids, dominated by young stages produced during L2 in
the DCZ and along the Sardinia coast.
3.3.2. Spatial Distribution
of Key Taxa
The spatial distributions of the key
copepod taxa over the two legs are
shown in Figure 10. The key taxa were
deﬁned as those being the most abundant (Clausocalanus/Paracalanus spp.,
Oithona spp., Oncaea spp. and Centropages typicus) and those differing
from the average distribution (taxa
departing from the CCA axes origin Figure 11).

Figure 6. Comparison of copepod (> 600 mm) counts between ZooScan and UVP.
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Oithona spp. constituted the bulk of the
copepod community from winter to
spring. The abundance of these taxa
strongly increased between L1 and L2,
particularly in the DCZ, GoLS and SAR
Zones, with the largest increase for Clausocalanus/Paracalanus spp. Observed in
the DCZ (Figures 10a–10d). Oncaea spp.
increased in abundance between L1
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and L2, but with no clear spatial
pattern (Figures 10e and 10f). C. typicus and Calanus helgolandicus were
absent or in very low abundance
during L1 and strongly increased
during L2, particularly in the DCZ
(Figures 10g–10j). On the contrary,
Euterpina acutifrons and Mormonilla
spp. decreased in abundance
between L1 and L2, and were
almost absent in the DCZ on L2
with the exception of St 13 for Mormonilla spp. (Figures 10k–10n).

Figure 7. Spatial distribution of average copepod concentrations (ind. m23) in the
upper 250 m of the water column as detected by the UVP. Crosses represent stations
with no UVP data.

3.4. Relationship Between the
Copepod Community
Composition and
Environmental Conditions
The relationship between the
copepod community composition
and environmental variable was
analyzed using CCA (Figure 11).

Table 1. Percentage Abundance of the Zooplankton Taxa, for L1 and L2
Taxa

Symbol

Copepods
Order Calanoida
Acartia spp.
Aetideus spp.
Calanus helgolandicus
Calocalanus spp.
Candacea spp.
Centropages typicus
Clauso/Paracalanus spp.
Eucalanus spp.
Euchaeta/Paraeuchaeta spp.
Euchirella rostrata
Euchirella messinensis
Haloptilus spp.
Heterorhabdus spp.
Lucicutia spp.
Mecynocera spp.
Mesocalanus tenuicornis
Nannocalanus minor
Neocalanus gracilis
Pleuromamma abdominalis
Pleuromamma gracilis
Pleuromamma robusta
Spinocalanus spp.
Temora stylifera
Order Cyclopoida
Corycaeus/Farranula spp.
Oithona spp.
Oncaea spp.
Order Harpacticoida
Clytemnestra spp.
Euterpina acutifrons
Microsetella spp.
Order Mormonilloida
Mormonilla spp.
Unidentiﬁed Copepodites
Copepod Nauplii

DONOSO ET AL.

(Aca)
(Aet)
(C.hel)
(Calo)
(Cand)
(C.typ)
(Cl/Pa)
(Euc)
(Eu/Pa)
(Eu.r)
(Eu.m)
(Halo)
(Hete)
(Luci)
(Mecy)
(Meso)
(Nann)
(Neo)
(Ple.a)
(Ple.g)
(Ple.r)
(Spin)
(T.sty)
(Co/Fa)
(Oith)
(Onca)
(Cly)
(Eute)
(Micro)
(Morm)

L1(%)

L2(%)

Taxa

L1(%)

L2(%)

95.31
77.19
0.13
0.03
1.16
0.69
0.06
0.44
69.67
0.01
0.21
0.07
0.02
0.01
0.08
0.04
0.05
0.00
0.17
0.14
0.16
0.43
0.01
0.00
0.07
17
0.3
14.1
2.6
1.03
0.04
0.33
0.66

95.13
84.66
0.22
0.00
1.87
0.48
0.02
2.41
69.85
0.01
0.04
0.14
0.00
0.00
0.02
0.01
0.02
0.00
0.04
0.04
0.02
0.09
0.00
0.00
0.01
10.1
0.16
9.61
0.33
0.36
0.02
0.02
0.32

Holoplankton
Amphipoda
Appendicularia
Chaetognatha
Cladocera
Doliolids
Euphausiids
Isopods
Ostracods
Pelagia noctiluca
Pteropoda
Pyrosoma
Radiolaria
Salps
Siphonophora
Velella velella
Other Holoplankton

0.76
0.01
0.25
0.04
0.01
0.00
0.23
0.02
0.06
0.00
0.02
0.01
0.01
0.04
0.06
0.00
0.01

1.01
0.01
0.17
0.01
0.01
0.00
0.52
0.01
0.05
0.00
0.03
0.00
0.00
0.09
0.10
0.00
0.01

Meroplankton
Decapod larvae
Fish
Gastropod larvae
Lamellibranch larvae
Polychaete larvae
Other Meroplankton

0.40
0.18
0.15
0.01
0.02
0.04
0.01

0.17
0.02
0.02
0.03
0.02
0.08
0.00

0.09
3.55
3.51

0.00
9.37
3.68
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Figure 8. Rank frequency diagrams of copepod species for L1 and L2, for (a) the whole area, and (b–f) zones deﬁned in Figure 1. The stations considered for each Zone are listed in the
top of each plot. Species names are abbreviated according to Table 1.

The triplot shows environmental variables (blue arrows), species or size classes (in red), and stations (circles,
color according to clusters shown in Figure 2).
3.4.1. Copepod Community Composition and the Environment
On L1, the ﬁrst two CCA axes explained 39.71% of the variance in the species-environment relationships
(Figure 11a). Aetideus spp. and Mormonilla spp. were associated with stations St 10, St 22, St 35, St 48, St 52
and St 71, all in the DCZ or near surrounding areas characterized by deep MLD. Euterpina acutifrons was
associated with St 5 and St 16, northern coastal stations characterized by high chlorophyll-a and oxygen.
On L2, the ﬁrst two CCA axes explained 45.53% of the variance (Figure 11b). Calanus helgolandicus was associated with stations St 6, St 19, St 30, St 37, St 61 and St 99, all of which were in the DCZ or surrounding
areas and grouped in Cluster 1, characterized by high chlorophyll-a and salinity, and low temperature values. Microsetella spp. was associated with St 67 on the Sardinian coast, a station characterized by high
temperature.
3.4.2. Copepod Size Structure and the Environment
On L1, the ﬁrst two CCA axes explain 50.45% of the variance in the size-environment relationships (Figure
11c). The ﬁrst axis was positively correlated with size class. Small size classes (0.3 to 0.55mm) were associated with Cluster 1 stations (DCZ), characterized by high salinity, temperature and MLD. Large size classes
(0.93 to 1.21mm) were associated with Clusters 2 and 3, characterized by high values of chlorophyll-a and
dissolved oxygen (peripheral stations). On L2, the ﬁrst two CCA axes explained 58.99% of the variance
(Figure 11d). The ﬁrst axis was again correlated with size class. Small size classes (0.3, to 0.55 mm) were
associated with stations St 25, St 53 and St 95, which belonged to Cluster 2, and were positively correlated with temperature. Large size classes (>1 mm) were positively correlated with salinity and chlorophylla (Cluster 1).
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3.5. Estimated Zooplankton
Carbon Demand and Grazing
Pressure
ZCD values were estimated
using a combination of copepod
biomass (Bzoo), food biomass (Ca,
assumed as phytoplankton
here), and temperature (Figure
12). From winter to spring, phytoplankton
stock
strongly
increases in the DCZ, while it
decreased in peripheral zones
(Figure 12a). Calculated ZCD values were 0.5 6 0.5 and 5.85 6
6.2 mg C m23 d21, for the L1
and L2 periods respectively, i.e.,
1 order of magnitude higher in
spring than in winter. In winter
(L1) the DCZ, COR and SAR
Zones displayed the lowest ZCD
values (see Figure 12b), down to
0.057 mg C m23 d21 (L1-St 22),
Figure 9. Shannon’s diversity index for each cruise, for the whole survey area, and for each
while in the GoLS and BAL
zone deﬁned in Figure 1.
Zones ZCD was  10 times
higher. In all regions the ZCD
strongly increases from winter to spring. The largest difference in spring were found in the DCZ, GoLS and
SAR Zones, with maximum values in the central part of the DCZ (L2-St 61, 21.64 mg C m23 d21). As a consequence, estimated grazing pressure by copepods on phytoplankton increased signiﬁcantly from L1 (1.3 to
23.47, mean 5 7.5% d21) to L2 (13.2 to 114.5, mean 5 45.7% d21) (Figure 12c).

4. Discussion
4.1. Changes in Spatial Pattern of Environmental Variables During Winter-Spring Transition
The winter 2012–2013 was particularly cold and windy inducing a strong deep convection in the central
basin [Houpert et al., 2016]. As a consequence, the DCZ had a particularly deep MLD, low chlorophyll-a levels, but high nutrient concentrations in the surface layer during the winter (K. Leblanc et al., unpublished
data, 2016). In the spring the entire region became stratiﬁed (MLD < 100 m). However, the DCZ maintained
distinctly cooler and more saline water, while the high nutrients stimulated high phytoplankton growth and
elevated chlorophyll-a values [Severin et al., 2014], providing favorable conditions to zooplankton grazers.
This bottom up driven system of deep mixing and nutrient input in winter, followed by high zooplankton
ndez de
standing stock in spring, appears typical of the NWMS, based on the Balearic time series [Ferna
Puelles et al., 2007]. However, our results provide the ﬁrst large scale spatial analysis of these patterns.
4.2. Changes in Zooplankton Standing Stock During the Winter-Spring Transition
The zooplankton sampling during DEWEX covered all the major circulation features of the NWMS region:
the DCZ, the more stratiﬁed peripheral area, the LPCC, and the Balearic front.
As such, our results represent a regional mapping of zooplankton stocks during the winter spring transition
period, the latter period when zooplankton standing stocks are generally highest in the NWMS [Saiz et al.,
2014]. On average, zooplankton abundance values determined from net samples during the DEWEX spring
cruise were higher than those found for the same circulation features in previous studies in the NWMS,
DEWEX abundance was 1.8 times higher for the Ligurian Sea [Pinca and Dallot, 1995; Andersen et al., 2001],
ndez de Puelles et al., 2003], and 3 times higher for the Gulf of Lion
2 times higher for the Balearic Sea [Ferna
[Gaudy and Champalbert, 1998].
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Figure 10. Abundance (ind. m23) distribution of key copepod taxa during (a, c, e, g, i, k, m) L1 and (b, d, f, h, j, l, n.) L2.

We attribute the elevated abundance levels recorded during DEWEX L2 primarily to two factors. First, a
smaller than previously used mesh size (120 lm) likely results in a more efﬁcient sampling of highly abundant small zooplankton species and larval stages [Calbet et al., 2001], which were particularly abundant in
spring. Second, a particularly strong convection occurred during the preceding months, a process favoring

DONOSO ET AL.

ZOOPLANKTON AND WINTER DEEP CONVECTION

2331

Journal of Geophysical Research: Oceans

10.1002/2016JC012176

Figure 10. (Continued)

ndez de Puelles et al.,
high zooplankton production in spring as observed in the Balearic time series [Ferna
2007].
The zooplankton biomass values recorded during DEWEX showed a large seasonal increase. This seasonal
increase was particularly strong in the DCZ, reﬂecting the enhanced nutrient inputs into this zone which,
coupled with spring stratiﬁcation, stimulated primary productivity and subsequently secondary production.
Stratiﬁcation may also have contributed to high zooplankton abundance and biomass through concentrating zooplankton at the surface and/or limiting the vertical mixing typical of the winter when the zooplankton would have been more deeply mixed [Farstey et al., 2002].
Nival et al. [1975], working in the convection zone, reported a similar seasonal increase in biomass, from 0.4
to 53 mg DW m23 in the late winter to 10-210 mg DW m23 in the early spring. This seasonal pattern has
been observed in other studied regions of the NWMS [Gaudy, 1985; Gaudy et al., 2003; Saiz et al., 2014],
though not reaching the high levels observed in the DCZ (see the data compilation in Alcaraz et al. [2007]).
For example, a seasonal increase from 12 mg DW m23 in February to 30 mg DW m23 in April was observed
in the Ligurian Sea [Berline et al., 2011].
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Figure 11. Canonical Correspondence Analysis triplot of abundance based copepod community structure and environmental variables for
(a) L1 and (b) L2. Copepod size structure (size classes in red) and environmental variables (c) L1, (d) L2. Species names (red) according to
abbreviations in Table 1. Circles according to color of cluster classiﬁcation of the stations (see Figure 2).

The comparison of UVP counts and abundance of large copepods (>600 mm) in the nets delivered a good
correlation although it should be carefully interpreted due to the low numbers of net tows and the undersampling of large copepods by both the UVP and the 120 mm mesh size net. UVP counts were signiﬁcantly
positively correlated with depth-average chlorophyll-a (rs 5 0.60) and negatively correlated with depthaverage temperature (rs 5 20.69), with most high UVP counts located in the NW portion of the area. There

Figure 12. Changes in (a) phytoplankton stock, (b) zooplankton carbon demand and (c) daily grazing pressure (expressed as percentage of the phytoplankton stock grazed) in the ﬁve
Zones deﬁned in Figure 1.
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was a signiﬁcant scatter in these relationships indicating the potential impact of patchiness and/or undersampling by the UVP. Although mesoscale features are well identiﬁed in the central NWMS [Escudier et al.,
2016], and do impact zooplankton [Pinca and Dallot, 1997; Alcaraz et al., 2007; Carlotti et al., 2014], only one
eddy was identiﬁed during L2 along the Balearic Front but this feature was not sampled.
4.3. Peculiarity of the Deep Convection Zone (DCZ)
The zooplankton dynamics in the DCZ differed from the periphery and coastal zones. The DCZ had the lowest zooplankton biomass in winter and the highest in spring. This strong zooplankton biomass increase was
likely a response to ﬁrst the concentration of the winter population in the upper layer due to stratiﬁcation,
and second to the growth of this population in response to the increased phytoplankton stock. Consequently in spring (L2) the zooplankton NBSS slopes remained ﬂat reﬂecting an increase of both small and
large individuals.
In the areas surrounding the DCZ, zooplankton biomass did not change substantially from winter to spring,
remaining at comparatively low values, while abundance values increased, and consequently NBSS slopes
were steeper than those observed in the DCZ. These steeper NBSS slopes may have resulted from the dominance of midsize copepod species (see Figure 8) with relatively short generation times [Zhou, 2006] from
late winter to spring.
Accordingly, ZCD was highest in the DCZ. However, grazing pressure in the DCZ was not very high
due to the large available phytoplankton biomass in this region. This feature of the DCZ was also
seen in the satellite derived time series of surface chlorophyll-a: the bloom started later compared to
the periphery, but with a higher peak [Mayot et al., 2016]. This difference in timing and nutrient
input between the DCZ and surrounding area resulted in a different development of the zooplankton
community.
4.4. Effect of the Environment on Zooplankton Community Structure
For the zooplankton community as a whole, we found a similar composition for both periods, comprising
95% copepods, which is in the higher range of observed copepod dominance values in the Gulf of Lion
(45–95%) [Champalbert, 1996], the Ligurian Sea (87–98%) [Andersen et al., 2001], the Catalan Sea (> 80%)
ndez de Puelles et al., 2004a]. See also
[Calbet et al., 1996], and in the vicinity the Balearic Islands (78%) [Ferna
the general overview by Saiz et al. [2014]. The high dominance of copepods in our study was likely in part
due to the sampling of small forms by the 120 mm mesh size [Calbet et al., 2001], but overall indicated the
dominance of small copepods (1mm in total length) as the major feature of the structure of mesozooplankton communities at the basin level in the NWMS [Siokou-Frangou et al., 2010]. Moreover, the open
ocean is usually more dominated by copepods than coastal areas, where neritic forms such as cladocerans
and meroplankton are generally also very abundant [Ramfos et al., 2006]. The dominant copepod taxa during DEWEX were typical Mediterranean off-shore species of large size (C. helgolandicus, > 2 mm), medium
size (Clausocalanus/Paracalanus spp, Centropages typicus, Calocalanus, Acartia spp, 2 – 1 mm) and small size
(Microsetella, Oithona spp. and Oncaea spp, < 1 mm). This taxonomic composition found here differed
slightly from coastal observations reviewed by Saiz et al. [2014], primarily with respect to the large and
medium size taxa. Important non-copepod species observed during DEWEX were Appendicularians, also
observed by Fernandez de Puelles et al. [2007], and Euphausiid larvae in spring, corresponding with their
reproduction period in the NWMS [Cuzin-Roudy et al., 2004].
The rank-frequency diagrams obtained during DEWEX for the two legs (Figure 8) were typical of the initial
and early phases of zooplankton seasonal successions, with a few very dominant taxa, a large component
of taxa present in low densities, and a few rare species [Frontier, 1976, 1985]. The two ﬁrst taxa (Clausocalanus/Paracalanus spp. and Oithona spp.) dominated in both legs with the same ranks. However, the strong
increase of the small herbivorous copepods of the group Clausocalanus/Paracalanus spp., and to a lesser
extent of Oithona spp., induced lower frequencies for the lower ranked species in L2 compared to L1.
Among the lower ranked species, Centropages typicus showed the highest increase, from the ninth to the
third rank from L1 to L2. Conversely, Oncaea spp. decreased from third to seventh rank between the two
periods. Centropages typicus and Calanus helgolandicus are known to grow mainly on the phytoplankton
bloom in late winter and early spring in the North Western Mediterranean Sea, at water temperatures below
and around 158C [Halsband-Lenk et al., 2001; Gaudy et al., 2003; Bonnet et al., 2005; Carlotti et al., 2014], and
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they clearly beneﬁted from the primary production in the DCZ during DEWEX (Figure 10). The lower ranked
copepod species were mostly herbivorous (Calocalanus spp., Microsetella spp., and Acartia spp.), followed by
omnivorous (Mesocalanus tenuicorni and Oncaea spp.) and carnivorous (Euchaeta/Paraeuchaeta spp., Corycaeus/Farranula spp., and Mormonilla spp.)
Through CCA a clear association of some species to certain environmental variables was observed. In
winter (L1), Mormonilla spp. and Aetideus spp. were associated with stations with a deep MLD, which is
characteristic of the convection condition. These two species are generally found below the surface
€ttger-Schnack, 1997]. The presence of these two genlayers, below 250 m [Scotto Di Carlo et al., 1984; Bo
era only during the convection period suggested that deep convection transported them to the surface
layers during the winter. Euterpina acutifrons had a clear association with the coastal stations (Cluster 3
in L1) with high oxygen, chlorophyll-a, and low temperature. This species is very common in neritic and
~as and Gaudy, 1996; Nowaczyk
coastal waters in the NWMS where it reproduces throughout the year [Vin
et al., 2011]. Due to its ability to feed on detritus [Goswami, 1975], E. acutifrons is often associated with
~as and Gaudy, 1996] particle-rich waters with high detritus
estuarine [Dıaz et al., 2003] or coastal [Vin
load. This may explain its association with coastal stations (L1-St5 and St16) under the inﬂuence of the
Rhone River.
In spring (L2), Microsetella spp. and Oncaea spp. were associated with high temperature areas whereas Calanus helgolandicus was associated with high salinity and high chlorophyll-a, indicative of the DCZ. Microsetella spp. and Oncaea spp. are known to be opportunistic feeders living in the surface layers, with the
population growth following the temperature cycle [Turner, 2004; Uysal and Shmeleva, 2012]. On the contrary Calanus helgolandicus mainly inhabits the intermediate and deep layers of the NWMS, and ascends to
epipelagic waters in late winter-spring [Bonnet et al., 2005], where it can be found in association with high
phytoplankton concentrations [Boucher, 1984].
For each leg, the relationships between environmental variables and community composition were similar,
as was the case with environmental variables and size structure, as evidenced by the CCA triplots. This may
have been due to the strong environmental gradients, driving both size distribution and species composition. Size classes were correlated with food availability (chlorophyll-a), as found by Garcıa-Comas et al.
[2016] and San Martin et al. [2006], with large size classes being associated with food-rich waters. These
large size classes were found in the periphery of the DCZ in winter and within the DCZ in spring. Small size
classes were associated with high temperatures, especially in spring. As temperature and food were negatively correlated, the small sizes may have been due to the bottom up effect of low food availability. Small
sizes may also have been a result of a direct effect of temperature on zooplankton, as temperature affects
metabolic rates and development times [Richardson, 2008], resulting in decreasing individual body size in
ectotherms with increasing temperature [Atkinson, 1994].
4.5. Zooplankton Grazing Pressure on Phytoplankton
The spring phytoplankton community in the entire DEWEX survey was dominated by nanophytoplankton
(size range 2-10mm, estimated from ﬂow cytometry, G. Gregory (unpublished data, 2016); and microscopy
K. Leblanc (unpublished data, 2016)). This small size phytoplankton constitutes readily available food for
many zooplankters, including the majority of ﬁlter-feeding copepods [Mullin, 1980]. Estimated copepod
grazing pressure on phytoplankton increased signiﬁcantly from L1 to L2. In the DCZ, the increase in ZCD
was correlated with a large increase in both zooplankton and phytoplankton biomass, indicating that this
region was bottom up controlled. Conversely, outside of the DCZ the increased ZCD was only due to the
increase of zooplankton biomass, as phytoplankton biomass was low and even decreased, suggesting that
top-down control during the bloom period (spring) may have been signiﬁcant in these regions. Our grazing
estimates are similar to those of previous studies, suggesting that a strong zooplankton top-down control
on phytoplankton may be typical in the western Mediterranean Sea in both coastal [Gaudy et al., 2003; Vandromme et al., 2011] and open ocean sites outside of the DCZ. This estimated grazing impact was high in
comparison with the North Atlantic, where Dam et al. [1993] found mesozooplankton grazing impact during
the spring bloom to average 24.5 mg C m22 d21, equivalent to the removal of 2.7% d21 of the daily primary
production. The large number of aggregates and fecal pellets (> 250 mm) observed below 100 m during
spring on UVP images (data not shown) further support strong grazing activity and efﬁcient clearance of
phytoplankton by grazers, transferred to the large particle pool and contributing to export during DEWEX.
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5. Conclusions
We describe the spatial and temporal variability of the zooplankton community composition and functioning during two synoptic surveys in winter and spring 2013 in the NWMS. During the winter the central part
of the survey area was a zone of deep convection, bringing cold, more saline, and nutrient rich water to the
surface. The presence of deep water in the DCZ was further evidenced by the occurrence of deep water
copepod species in the epipelagic zone. During the winter cruise, phytoplankton and zooplankton biomasses were low in the DCZ and relatively higher at the stations peripheral to the DCZ where stratiﬁcation
had been initiated. During the spring cruise, the observed increase of zooplankton biomass in the areas
peripheral to the DCZ induced a strong depletion of phytoplankton through top-down control by zooplankton in these stratiﬁed conditions. In the DCZ, the spring zooplankton biomass was one order of magnitude
higher than the winter survey. However, the spring chlorophyll values in DCZ remained high despite the
high zooplankton biomass and carbon demand, indicating a sustained bottom-up control. This suggested
that at the time of the spring survey the bloom in the periphery was decaying while in the DCZ the bloom
was still active. On average for the whole area, the potential grazing impact was estimated to increase by
one order of magnitude between winter and spring. The community taxonomic composition was comparable for both periods, with a high dominance of copepods, but with differences between the DCZ and
peripheral regions. In spring, the DCZ was dominated by larger zooplankton individuals, particularly a high
dominance of herbivorous copepod species such as Centropages typicus and Calanus helgolandicus associated with phytoplankton rich waters, and it likely represented a region of both efﬁcient and enhanced energy
transfer to higher trophic levels and high export.
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